Nitric oxide has been shown to be an important neuronal signaling molecule that participates in both behavioral and synaptic plasticity. To better understand the potential mechanisms by which NO regulates synaptic function, the ability of NO to stimulate the modification of synaptic proteins by ADP ribosylation was examined. Two NO donors, sodium nitroprusside and 3-morpholinosydnonimine, stimulated the ADP ribosylation of proteins at apparent molecular masses of 42, 48, 51, 54, and 74 kD in hippocampal synaptosomes. This stimulation was likely owing to the production of NO by the donors; ADP ribosylation was not stimulated by non-NO decomposition products of sodium nitroprusside, and quenching of superoxide anion did not inhibit Sin-l-induced ADP ribosylation. Experiments using NAD + that was radiolabeled on the nicotinamide moiety demonstrated that the modification of proteins of molecular masses of 30, 33, and 38 kD are not true ADP ribosylation, whereas labeling of the 42-, 48-, 51-, 54-, and 74-kD proteins likely represent ADP ribosylation. Some of the substrates were brain specific (54 and 74 kD), whereas others (42 and 51 kD) were present in multiple nonbrain tissues.
Introduction
ADP ribosylation is the covalent attachment of an ADP-ribose moiety from NAD + to an amino acid 1Corresponding author. of a substrate protein (Ueda and Hayaishi 1985) . Examples of proteins that are substrates of this reaction include nuclear proteins such as histones and G proteins of the G s of the GI/o families. G s and GI/o are modified by cholera and pertussis toxins, respectively (Gierschik 1992; Serventi et al. 1992) . G s is ADP-ribosylated on an arginine residue, resulting in inhibition of its intrinsic GTPase activity, persistent association of GTP with the G protein, and constitutive activation of adenyl cyclase (Serventi et al. 1992) . Conversely, ADP ribosylation of GI/o on a cysteine residue results in uncoupling of the G protein from its receptor (Gierschik 1992) and constitutive inactivation of the G protein. Histones are modified by an endogenous poly(ADP-ribosyl) synthetase (PARS) (Okayama et al. 1978) in response to DNA strand breaks (Cleaver and Morgan 1991) . The diffusible gas nitric oxide (NO) stimulates PARS, possibly as a result of free radical-induced DNA damage (Zhang et al. 1994 ). These observations raise the possibility that ADP ribosylation may modify neuronal function. Recent evidence has suggested a role for endogenous ADP ribosyltransferases (ADPRTs) in synaptic plasticity. Blockade of ADPRT activity has been shown to inhibit the induction of long-term potentiation (LTP) (Schuman and Madison 1994) , a form of activity-dependent synaptic plasticity in the hippocampus that may be involved in memory formation. In addition, LTP-inducing electrical stimuli modulate endogenous NO-stimulated ADP ribosylation in the rat hippocampus (Duman et al. 1993) .
Inhibition of NO synthase, the enzyme that produces the diffusible gas NO, has also been demonstrated to inhibit LTP induction by some stimulation protocols (for review, see Schuman and Madison 1994) . NO has a variety of downstream actions including stimulation of a soluble guanylyl cyclase to produce cyclic GMP (cGMP) (Southam and Garthwaite 1991) and S-nitrosylation of various proteins such as the NMDA receptor (Lei et al. 1992 ). In addition, NO stimulates an ADPRT in homogenates of the hippocampus (Schuman et al. 1994 ) and other brain areas (Williams et al. 1992 ). These observations suggest that release of NO may change synaptic efficacy, at least in part, by stimulating an ADPRT.
To begin to identify substrates of ADPRTs in the brain, and specifically in the synapse, the reaction was studied in vitro using rat hippocampal synaptosomes. Various synaptic proteins that have specific stimulation patterns, tissue distributions, and subcellular localizations were observed to be ADP-ribosylated. These results suggest that in addition to cGMP formation and Sonitrosylation, NO may modify synaptic function by stimulating the ADP ribosylation of the individual proteins associated with the synapse.
Materials and Methods

ADP-RIBOSYLATION ASSAYS
Male Sprague-Dawley rats (29-37 days old) were anesthetized with halothane and decapitated. Hippocampi were removed and placed into icecold artificial cerebrospinal fluid (119 mi NaC1, 2.5 mi KC1, 1.3 mi MgSo4, 2.5 mi CaCI2, 1.0 mi NaH2PO 4, 26.2 mi NaHCO3, and 11.0 mi glucose) gassed with 95% 0 2 and 5% CO 2. Rat hippocampal synaptosomes were prepared by the method of Carlin et al. (1980) . Following preparation, synaptosomes were flash-frozen in liquid nitrogen and stored at -70~
The ADP-ribosylation reaction mixtures contained synaptosomal protein, NAD § labeled with either 32p, 3H, or 14C at a final concentration of 25 [LIM NAn + in an ADP-ribosylation buffer containing 1 mi EDTA, 0.5 mM MgCI2, 0.5% (vol/vol) Triton X-100, 10 mi isoniazid, 1 mi 3-acetylpyridine adenine dinucleotide (APAD), 0.1 mi 5'-guanylylimidodiphosphate (GPP[NH]P or GIDP) in a f'mal reaction volume of 100 pl. The NO donors, sodium nitroprusside (SNP) and 3-morpholinosydnonimine (Sin-l), were prepared within an hour of use. The amounts of radioactivity and synaptosomal protein per sample were constant within an experiment, ranging between 41aCi and 9~Ci of radioisotope and 80~tg and 250vg of protein per sample between experiments. All stimulation data are expressed as a ratio to the nonstimulated (lacking NO) control value for a given experiment to normalize for differences in radioactivity and protein concentration between experiments. Percent inhibition data are expressed as a percentage of the amount of labeling of a protein in the presence of SNP, with the amount of labeling in the presence of SNP considered to be 0% inhibition. The percent inhibition is calculated, with the aid of ImageQuant analysis software as 100% -[ 100 x (integrated counts in a band in the presence of inhibitor)/(counts in presence of SNP)]. In approximately half of the experiments, 10 mi thymidine was substituted for 1 mi APAD. Because there was no appreciable difference between the results obtained with the two buffers, the data were combined. The reaction proceeded for 30 min at 37~ and was terminated by adding 1 ml of ice-cold 10% trichloroacetic acid (TCA) and centrifuging the samples at 12,300g for 10 min. The supernatant was aspirated; the pellet was washed once with ether and recentrifuged. Finally, the proteins were resolubilized by vigorous vortexing in a buffer containing 62 mi Tris-Hcl (pH 6.7), 0.3% SDS, and 20 mi DTF in a total volume of 100 pl. The samples were then subjected to SDS-PAGE (Laemmli 1970 ) and autoradiography. The superoxide quenching system consists of two enzymes: 50 U/ml of superoxide dismutase (SOD), which catalyzes the reaction 20 2-+ 2H § O 2 + H20 2, and 350 U/ml of catalase, which catalyzes 2H20 2 --> O z + 2H20. For 3H experiments, EN3HANCE (NEN) was used to intensify the tritium signal.
WESTERN BLOTS
Proteins, labeled by ADP ribosylation as above, were transferred to nitrocellulose and then probed with GAP-43/B-50 affinity-purified rabbit polyclonal antisera (kindly provided by A. Beatte Oestreicher, University of Utrecht, The Netherlands). Primary antibodies were detected using goat antirabbit secondary antibodies conjugated to alkaline phosphatase (from Boehringer Mannheim).
TISSUE DISTRIBUTION
Tissues were dissected from halothane-anesthetized rats and placed in ice-cold sucrose buffer (containing 0.32 M sucrose, 1 mm NaHCO3, 1 mM MgC12, 0.5 mi CaCI2, 0.1 mi PMSF, and 1 mg/liter of leupeptin) immediately following decapitation. The tissue were then homogenized and centri-
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A total of 80 IJg of protein was added to each experimental sample from each tissue.
SUBCELLULAR LOCAIJZATION
Hippocampal synaptosomal proteins were ADP-ribosylated in ADP-ribosylation buffer, which contains 0.5% Triton X-100, as above. Postsynaptic density proteins were pelleted by centrifuging the samples at 183,000g for 2 hr (Carlin et al. 1980 ). Subsequently, the supernatant, which was enriched for cytosolic proteins, was aspirated and precipitated with TCA as above. Both the cytosolic and membrane proteins were resuspended as above in preparation for SDS-PAGE. Amounts of the two samples that corresponded to identical amounts of precentrifugation starting material were loaded onto adjacent lanes of SDS-PAGE gels. Protein concentration was determined by the methods of Lowry (Lowry et al. 1951) or Bradford (1976) -14C] adenine NAD + were from Amersham; Sin-1 was from Molecular Probes, sodium nitroferricyanide (SNP) was from MaUinckrodt and Sigma; potassium ferricyanide was from Fisher; SOD and catalase were from Sigma; molecular weight markers were from BioRad. All other reagents were from Sigma.
LAB ANIMALS
The experimental protocols for the use of laboratory animals were approved by the appropriate institutional review committee and meet the guidelines of the National Institutes of Health (NIH).
Results
BASAL AND NO-STIMULATED ADP RIBOSYLATION IN HIPPOCAMPAL SYNAPTOSOMES
Under control conditions, at least 10 different proteins in hippocampal synaptosomes of approximate molecular masses of 42, 46, 48, 50, 51, 54, 69, 74, 95 , and 116 kD were labeled by 32p-labeled NAD + (Fig. 1, Control) . Addition of the NO donors Sin-1 or SNP enhanced labeling of the proteins at 42, 51, 54, and 74 kD in a concentration-dependent manner (Fig. 1, (8) (9) (10) . Maximal stimulation of these proteins was observed with SNP (5.0 mi; lane 4) and Sin-1 (10 mi; lane 10); SNP usually produced slightly greater stimulation than Sin-1. The fold stimulation by NO, relative to control labeling, is presented in Table 1 . A prominent protein at 38 kD exhibited labeling that was stimulated more robustly by Sin-1 than by SNP. Its stimulation is also quantified in Table 1 . The ADP ribosylation of the 46-and 50-kD proteins was frequently inhibited, rather than stimulated by NO. Stimulation of very faint proteins at 30, 33, 48, 95, and 116 kD was occasionally observed but was not consistent enough to quantify.
When both Sin-1 and SNP decompose spontaneously in aqueous solution, they release NO and other products. SNP decomposes into [Fe(CNs] 2-and NO, and Sin-1 releases a superoxide anion (02-) before liberating NO (Southam and Garthwaite 1991) . For this reason, the stimulation of ADP ribosylation resulting from addition of either SNP or Sin-1 could be caused by products other than NO. To determine whether the SNP stimulation is owing to NO or another SNP product, old SNP that had been exposed to light at room temperature for 12 hr was added to the reactions. Considering the short half-life of NO in aqueous conditions (Garthwaite and Boulton 1995) , this solution should contain primarily [Fe(CNs)] 2-. This NO-depleted SNP did not stimulate ADP ribosylation is synaptosomes (Fig. 1, lane 5) . Similarly, the addition of potassium ferricyanide, a compound that is structurally similar to SNP but that lacks NO, did not stimulate ADP ribosylation (Fig. 1 , lane 6; similar results were obtained in seven additional experiments). The question of whether superoxide production by Sin-1 contributes to the stimulation of ADP ribosylation was also addressed. A superoxide quenching system, consisting of 50 U/ml of SOD and 350 U/ml of catalase (Garthwaite et al. 1988) , was added to a reaction mixture containing 1 mi Sin-1. If superoxide anion contributes to the Sin-1 stimulation, then the addition of SOD/CAT should decrease the labeling. This was only observed for the 38-kD protein (Fig. 1, lane 12) , suggesting that superoxide contributes to the stimulation of this protein but does not modulate the other proteins. Similar results were obtained in ex- periments in w h i c h 10 m i Sin-1 was used with the superoxide quenching system (data not shown; n = 5).
The sensitivity of the NO-stimulated ADP ribosylation to nicotinamide and novobiocin, inhibitors of ADPRTs (Rankin et al. 1989) , was also exam- 12.8 + 12.0% or 74.4 + 6.2%; 74 kD, 0.0 + 19.7%, or 56.9 + 5.3%; n = at least 3 for all conditions). The sensitivity to other inhibitors of ADP ribosylation could not be determined owing to independent effects of the solvents.
DOES THE MODIFICATION OF THE SUBSTRATES REPRESENT TRUE ADP RIBOSYLATION?
The protein glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was originally reported to be a substrate of NO-stimulated ADP ribosylation (Briine and Lapetina 1989, 1990 ; D u m a n et al. 1991; Dimmeler et al. 1992; Kots et al. 1992; Zhang and Snyder 1992) . Subsequent studies (McDonald and Moss 1993) , however, have s h o w n that a novel NAD § metabolite that includes the nicotinamide moiety of NAD § in addition to the ADP-ribose moiety is added to GAPDH. The physiological relevance, if any, of this autocatalytic (Dimmeler et al. 1992; Kots et al. 1992; Zhang and Snyder 1992) reaction is unknown. Does the modification of hipp o c a m p a l proteins described here reflect true ADP ribosylation? To address this issue, NAD + was utilized, w h i c h had b e e n radioactively labeled on the nicotinamide moiety with either ~4C or 3H. The nicotinamide group is not added to the protein in an authentic ADP-ribosylation reaction (Ueda and Hayaishi 1985) . Little labeling of proteins was observed w h e n [4-3H]nicotinamide NAD + was added to synaptosomal protein in a reaction mixture lacking NO donors (Fig. 3 , lane 1; data not shown; n=3. In the presence of 1 m i Sin-1 (Fig. 3, lane 2) , however, there was labeling of the proteins at 30, 33, and 38 kD, demonstrating that their labeling does not represent true ADP ribosylation. Lanes 3 and 4 of Figure 3 s h o w the results of samples that were treated the same as those in lanes 1 and 2, respectively, except [3H-adenine-2,8]NAD + was used. As expected, the pattern of labeling was similar to the experiments w h e r e 32p-labeled NAD § was used. Similar experiments using ~4C-labeled NAD + yielded essentially the same results (data not shown; n -2).
TISSUE DISTRIBUTION AND SUBCELLULAR LOCALIZATION OF THE SUBSTRATES TISSUE DISTRIBUTION
Various rat tissues including spleen, penis, skeletal muscle, heart, and liver w e r e homogenized
Cold Spring Harbor Laboratory Press on October 18, 2017 -Published by learnmem.cshlp.org Downloaded from each tissue sample, permitting an analysis of the brain and tissue specificity of the various substrates by comparing the absolute amounts of labeled protein across samples. An example of the patterns of labeling observed for the rat spleen, penis, and skeletal muscle are presented in Figure 4B with the pattern from hippocampal synaptosomes shown in Figure 4A as a reference. The quantified data are presented in Table 2 . Overall, the pattern of labeling in the various tissues was similar to that in the brain, with some notable differences. Although it is unclear whether the labeled proteins observed in the various tissues are identical, proteins of 38, 42, and 51 kD appeared in all of the tissues examined. and labeled by ADP ribosylation as described in Materials and Methods (n = 3). Hippocampal homogenate and homogenate made from forebrain (including the hippocampus) were also examined (n = 3). The same amount of protein was used for The tissue distribution of basal and NO-stimulated ADP ribosylation are shown for five different proteins in various tissues. The top number of each pair represents the average-fold stimulation in the presence of 5 mM SNP, relative to control levels of ADP ribosylation in the same tissue, as in Table I . The bottom number of each pair represents the fold enrichment of that band in that tissue compared to hippocampal synaptosomes. This bottom number was calculated as the ratio of the amount of the band in the indicated tissue, without NO donor, to the amount of labeling of the band at the same molecular mass, also without NO donor, in hippocampal synaptosomes. A value of 1.00 indicates no difference. (-) No labeling was observed. Asterisks (*) indicate significance at the P < 0.05 levels.
Each of these proteins was stimulated by 5 mi SNP in at least one of the tissues examined. A 46-kD protein was seen in all of the brain samples as well as in the liver and spleen, and a faint 44-kD protein appeared in skeletal muscle, heart, and penis. The 54-and 74-kD proteins were present in all of the brain samples, although the high background in the brain homogenates made them difficult to quantify. They were not, however, discernable in any of the other tissues.
SUBCELLULAR LOCAl JZ&TION
The enrichment of the enzyme activity and the substrates in various subcellular fractions were quantified by conducting subcellular fractionation either before or after the NO-stimulation ADP-ribosylation reaction. In each experiment the amount of radioactivity incorporated into a particular molecular weight band was quantified by PhosphorImager analysis. When tissues were fractionated before the ADP-ribosylation reaction, the labeling of proteins at apparent molecular masses of 42, 46, and 51 kD was enriched in hippocampal synaptosomes compared with hippocampal homogenate (Table 3) . When hippocampal synaptosomes were further separated into postsynaptic density (PSD) (Carlin et al. 1980 ) and non-PSD fractions, labeling of the 46-and 51-kD proteins was significantly enriched in the non-PSD fraction compared with the PSD (Table 3) . Because the distribution of the AD-PRT enzyme in the synaptosome, PSD, and cytosol fractions relative to the homogenate is not known, it is unclear whether the observed differences restilt from a differential distribution of the substrates, the enzyme, or both. However, when the synaptosome fraction is separated into PSD and non-PSD fractions after the ADP-ribosylation reaction, most of the labeled proteins are associated with the non-PSD fraction compared with the PSD (data not shown), suggesting that most of the substrates of ADP ribosylation are not tightly associated with the PSD either before or after modification.
SUBSTRATES
The possibility that one of the ADP-ribosylation substrates is the growth-associated protein-43 (GAP-43; B-50), which has been reported by others to be ADP-ribosylated (Coggins et al. 1993; Philibert and Zweirs 1995) , was examined. GAP-43 runs in SDS-PAGE gels at between 43 and 50 kD depending on the density of the acrylamide polymer matrix (Gower and Rodnight 1982; Oestreicher et al. 1984; Benowitz et al. 1987 ). Proteins were radioactively labeled by ADP ribosylation using 32p4a-beled NAD + in the absence (Fig. 5, lane 3) or presence (Fig. 5, lane 4) of 5 mi SNP (exactly as those in Fig. 1, lanes 1 and 4, respectively) . They were Numbers represent NO-stimulated incorporation of radioactivity in fmoles/mg per min for each molecular mass, calculated using Phosphorlmager analysis. Statistical comparisons were made for each molecular mass comparing synaptosome and homogenate or PSD and cytosol. Asterisks (*) indicate significance at the P < 0.05 level; n = 3 for all conditions. then transferred to nitrocellulose and probed with an affinity-purified GAP-43 antibody. The GAP-43 immunoreactivity ( The present study demonstrates the ADP ribosylation of several synaptic proteins, complementing previous studies (Duman et al. 1991; Williams et al. 1992) . Stimulation ofADP ribosylation of proteins of apparent molecular masses of 74, 54, 51, 48, and 42 kD resulted from the addition of either of two different NO donors. As the two donors are structurally dissimilar compounds with different decomposition products, the observed stimulation was likely owing to the release of NO. This is further supported by experiments that demonstrated that ferricyanide and light-inactivated SNP did not stimulate ADP ribosylation (Fig. 1, lanes 5,6) . In addition, the experiments in which 1 m i or 10 m i Sin-1 was combined with the superoxide anion quenching system of SOD/CAT showed that the production of superoxide anion did not contribute to the stimulation of ADP ribosylation by Sin-1.
THE OBSERVED LABELING IS THE RESULT OF ADP RIBOSYLATION
Given the controversies in the ADP-ribosylation literature surrounding the validity of claims presence of 1 mm Sin-l, the nicotinamide moiety was not added to the proteins at 74, 54, 51, 48, and 42 kD. It was, however, added to the prominently labeled 38-kD protein and the faintly labeled protein at 33 and 30 kD. These data suggest that the 30-, 33-, and 38-kD proteins were not the substrates of ADP ribosylation in the presence of 1 mi Sin-l, whereas the labeling of proteins at 74, 54, 51, 48, and 42 kD likely represents true ADP ribosylation.
TISSUE DISTRIBUTION AND SUBCELLULAR LOCALIZATION
Two proteins that appeared to be brain specific were those at 54 and 74 kD, both of which were absent from all of the non-neural tissues examined. Many of the proteins that were ADP-ribosylated in hippocampal synaptosomes, including those at 38, 42, 46, and 51 kD, appeared in other tissues as well. The ADP ribosylation of many of these proteins was stimulated by the NO donor SNP. These observations raise the possibility that ADP ribosylation may be a downstream effector of NO's participitation in immune responses or in smooth muscle relaxation. Lack of brain specificity of some of the substrates, however, does not necessarily imply that the proteins are not important for brain function. For example, Greengard and coworkers found that cAMP stimulated PKA to phosphorylate its regulatory subunit in the brain (Lohmann et al. 1980; Walter and Greengard 1981) . The type II regulatory subunit is present in the heart, and its phosphorylation by PKA is stimulated by cAMP there as well (Lohmann et al. 1980) . Thus, the substrates common to both neural and non-neural tissues may be important regulatory elements for signal transduction events.
The synaptosome preparation of Carlin et al. (1980) used in these studies is made up primarily of sealed-off presynaptic terminals with a PSD from a ruptured postsynpatic cell attached (Kennedy et al. 1990 ). The enrichment of many of the substrates in the non-PSD fraction suggests that the proteins may be presynaptic and further increases the likelihood that NO can act as a retrograde messenger.
IDENTITY OF THE SUBSTRATES
Others (Duman et al. 1991) have suggested that the 42-and 45-kD (in our experiments, 46-kD) proteins correspond to the isoforms of Gs~. This conclusion was based on the observed similarities between the patterns of peptides in one-dimensional gels resulting from V-8 protease digestion of proteins that had been labeled with cholera toxin and those that had been labeled by endogenous ADPRTs. The present studies indicate that GAP-43 immunoreactivity comigrates with a 48-kD labeled protein that is stimulated by NO. This result is consistent with the reports of Zweirs and co-workers that GAP-43 is ADP-ribosylated in response to NO (Coggins et al. 1993; Philibert and Zweirs 1995) . McDonald and Moss (1993) have shown previously that the 39-kD protein GAPDH shows stimulation properties similar to the 38-kD protein described here.
MAGNITUDE OF STIMULATION
The largest stimulation observed was a doubling of the labeling of the 74-kD band in the presence of 5 n~ SNP compared with control. The stimulation observed for soluble guanylyl cyclase, arguably the best characterized downstream effector of NO, is orders of magnitude greater than that reported here for the ADPRTs (Southam and Garthwaite 1991) . The difference suggests the possibility that soluble guanylyl cyclase might be the primary target of NO, whereas ADPRTs may play a modulatory role. The range of concentrations of NO donors that stimulate the two enzymes are similar, however, suggesting that both targets (guanylyl cyclase and ADPRT) may be stimulated upon physiological release of NO.
Another possibility is that NO acts synergistically with other, as-yet-unidentified second messengers to maximally stimulate the ADPRTs. The situation might be similar to that for protein kinase C (PKC). PKC isoforms are synergistically stimulated by multiple lipids, some of which have only modest effects when applied alone (McPhail et al. 1984; Bell and Burns 1991; Shinomura et al. 1991) .
IMPLICATIONS FOR SYNAPTIC PLASTICITY
Our earlier experiments failed to support a role for cGMP as the downstream effector of NO during LTP (Schuman and Madison 1994) , although others have suggested a role (Zhuo et al. 1994a,b; Arancio et al. 1995 ; but see Selig et al. 1996) . The relative amount of NO-stimulated ADP ribosylation demonstrated under the present experimental conditions, however, is modest for most substrates examined. This suggests that there may be additional routes by which NO influences synaptic function, one of which may be the direct nitrosylation of presynaptic vesicle proteins (Meffert et al. 1996) . Electrophysiological studies of LTP have shown that inhibitors of ADPRT can block LTP (Schuman and Madison 1994) . Might any of the NO-stimulated proteins observed in this study contribute to LTP? A previous study observed that prior LTP induction reduced the amount of SNP-stimulated ADP ribosylation that could be elicited (Duman et al. 1993) . We attempted to determine whether the same inhibitors that prevented LTP had an effect on the NO-stimulated ADP ribosylation of the hippocampal synaptic proteins. We were unable to examine one of the ADPRT inhibitors used in the LTP studies, phyUoquinone, as it required an organic solvent to dissolve it. Nonetheless, one inhibitor, nicotinamide, significantly inhibited the ADP ribosylation of the 42-and 51-kD proteins at concentrations similar to those that prevented LTP. Taken together with previous studies, these data show that NO released during the induction of synaptic plasticity may modify synaptic proteins by ADP ribosylation. Determining the identity of ADPribosylation substrates and how the ADP-ribosylation pathway may interact with other NO effectors and other signal transduction pathways will be the focus of future studies.
